The equilibrium molecular structure of the decasilsesquioxane, Si 10 O 15 H 10 , in the gas phase has been determined by gas electron diffraction. Molecular dynamics calculations were used to give amplitudes of vibration and differences between interatomic distances in the equilibrium structure and the vibrationally averaged distances that are given directly by the diffraction data. The molecules have D 5h symmetry, and do not show the distortions that are apparent in the crystalline phase. The ten-membered silicon-oxygen rings are found to be particularly flexible in the gas phase, a phenomenon that was also seen in crystal structures. The Si-O bond lengths in the ten-membered rings are 161.6(2) pm long and in the eight-membered rings they are 162.2(3) pm, with Si-O-Si angles of 155.0(5) and 153.9 (7) • , respectively.
Introduction
Polyhedral oligosilsesquioxanes, particularly those of the general formula Si 8 O 12 R 8 , have become of significant interest because of their useful properties and their potential as precursors to many novel nanocomposites and polymers.
1,2 Much less widely studied, but of increasing importance, are the related decasilsesquioxanes, Si 10 O 15 R 10 , the simplest of which is the decahydridosilsesquioxane, Si 10 O 15 H 10 . This silsesquioxane, originally reported in 1970, 3 is formed in low yield, along with other higher silsesquioxanes, as a by-product of the hydrolysis of HSiCl 3 during the synthesis Si 8 O 12 H 8 .
4-6
The solid-state structure of Si 10 O 15 H 10 has been determined by single-crystal X-ray diffraction at 180 and at 295 K. 7 The structure at 180 K has average Si-O distances of 161.2(2) and 160.1 (5) pm, Si-O-Si angles of 149.5 (17) and 154.7 (31) • , and O-Si-O angles of 110.0(2) and 109.5 (2) • , in each case for the eight-and ten-membered rings, respectively. The distributions of individual values within the Si-O and O-Si-O values show small deviations from those for a structure of ideal D 5h symmetry but the Si-O-Si angle ranges are much larger [147.43 (13) to 150.64 (12) and 151.51 (14) to 159.53 (15) • within the eight-and ten-membered rings, respectively]. This wide range of angles for symmetrically substituted polyhedral oligosilsesquioxanes in the solid state has been noted previously for the related Si 8 (Table S1 ), calculated coordinates at the MP2/6-311++(3df,3pd) level (Table S2) , refined and calculated RMS amplitudes of vibration (u), associated r a distances and corresponding perpendicular correction values (k) (Table S3) , GEDdetermined atomic coordinates (Table S4 ) and least-squares correlation matrix (Table S5) 18 as has its use as a component in a photosensitive resist film.
19
The work presented in the current study provides the first experimental determination of the structure of a decasilsesquioxane in the gas phase, giving structural parameters for the polyhedral compound that are not perturbed by solid-state packing effects and which may be compared to calculated structures. This also allows comparison of the data for Si 10 26 and density functional theory (DFT) calculations were carried out using the hybrid functional B3LYP.
27 Further B3LYP calculations were performed using the aug-cc-pVDZ basis set.
28
As electron-diffraction experiments yield time-averaged structures, in which the effects of vibrations may alter interatomic distances, it is common to compute corrections to apply to the distances. This allows more accurate comparison of theoretical and experimental structures to be made. Here, the molecular dynamics method of obtaining distance corrections and starting values of amplitudes of vibrations has been used. This method is discussed in greater detail elsewhere 29 and only details of the calculations pertinent to this work are given.
Plane-wave density functional theory (PW-DFT) calculations were performed with the Car-Parrinello molecular dynamics (CPMD) code 30 using the resources of the Edinburgh Parallel Computing Centre. To model an isolated molecule using a periodic code, such as CPMD, a single molecule is simulated in a supercell large enough to minimise any interactions between the molecule and its periodic images. In the present study the Tuckerman-Poisson solver 31 was used to decouple the electrostatic interactions, allowing a supercell of 1.5 nm to be used. The PBE exchange-correlation functional 32 was used and the corevalence interaction was represented with Troullier-Martins normconserving pseudopotentials. 33 A plane-wave cut-off energy of 1600 eV was adopted for the calculations.
The equilibrium geometry of Si 10 O 15 H 10 was optimised, starting from the geometry calculated at the MP2/6-311++G(3df,3pd) level, until the energy change per atom and maximum atomic force fell below 1 ¥ 10 -8 eV and 1 meV, respectively. This structure was then used to determine the correction terms by carrying out a molecular dynamics simulation. The simulation was performed in the canonical (NVT) ensemble using a chain of three Nosé-Hoover thermostats 34, 35 to regulate the simulation temperature at 423 K, approximately the temperature of the experiment. A thermostat frequency of 2200 cm -1 was adopted. The simulation was run using the Car-Parrinello formulism 36 with an electronic time step of 75.57 as. The geometry was sampled every 15 steps and data were collected for a total of 22 ps.
As discussed in reference 29, the MD simulations do not yield accurate amplitudes of vibration for pairs of atoms with stretching modes involving hydrogen because of quantum mechanical tunnelling. The dynamics of the nuclei in an MD simulation are treated in a classical fashion even with the quantum-mechanically derived forces. With the hydrogen atom this leads to significant underestimation of the Si-H stretching motion. For this reason the Si-H amplitude was substituted with a standard starting value of 7.5 pm. The motion of heavier atoms and non-bonded pairs is sufficiently approximated by the classical dynamics.
Gas electron diffraction
Data were collected for Si 10 O 15 H 10 using the Edinburgh gasphase electron diffraction (GED) apparatus 37 with an accelerating voltage of 40 kV (equivalent to an electron wavelength of approximately 6.0 pm). The experiments were performed at two different nozzle-to-film distances to maximise the range of scattering data available. The scattering intensities were recorded on Kodak Electron Image films; nozzle-to-film distances and nozzle and sample temperatures are given in Table S1 . † The camera distances were calculated using diffraction patterns of benzene recorded immediately after each of the sample runs. The scattering intensities were measured using an Epson Expression 1680 Pro flatbed scanner and converted to mean optical densities using a method described elsewhere. 38 The data were then reduced and analysed using the ed@ed least-squares refinement program v2.4,
39
employing the scattering factors of Ross et al. 40 The weighting points for the off-diagonal weight matrix, correlation parameters and scale factors are shown in Table S1 . †
The GED refinement procedure used here for Si 10 O 15 H 10 gives interatomic distances that we have termed r e,MD , indicating that corrections of the form r a -r e have been determined from MD simulations described above. The calculated amplitudes of vibration used as starting values in the refinement were also taken from MD simulations, and are termed u MD . 
Preparation of Si

Results and discussion
Computational studies Table 1 contains the results of geometry optimisations performed using various basis sets and levels of theory. The atomnumbering scheme used is shown in Fig. 1 . The most notable feature of the calculations is the variation in Si ( (3) angle is hardly affected. Using this level of theory and basis set also shortens the Si-O bonds by 1.3 pm. Further calculations at the B3LYP/6-311++G(3df,3pd) level demonstrate that the distances are as well defined as with MP2 theory, while the angles continue to change with no apparent pattern. At the B3LYP level using the correlation-consistent augcc-pVDZ basis set the Si-O bond lengths are slightly longer than those calculated using the best Pople-style basis sets. Cartesian coordinates corresponding to the structure calculated at the MP2/6-311++G(3df,3pd) level are given in Table S2 . † The large variations in the Si-O-Si angles are a reflection of the flexibility of these moieties, and although the fluctuations are large in structural terms, they are probably no greater than those of other structural parameters in terms of energy. This serves as a reminder that calculations of structure do not necessarily achieve the same level of accuracy for all distances or all angles, and that experimental data are of great importance for highly flexible systems.
A selection of calculated parameters taken from the literature for Si 10 O 15 H 10 is also given in Table 1 . Pleasingly, parameters from the two calculations that follow similar theories to our own [RHF//6-31G(d)/6-31G(d) 10 and B3LYP/6-311G(d,p) 8 ] give very similar results. Local density approximation (LDA) and non-local density approximation (NLDA) calculations have also been performed in the past. 11 Neither gives results for these parameters that are close to either the other calculated values or the experimental GED values. In particular the Si(3)-O(28)-Si(9) angle from the LDA calculation, 174.6
• , is almost 20
• wider than any other calculated d X is the point at the centre of the pentagon formed by five Si atoms and A is the Si ◊ ◊ ◊ Si midpoint for two adjacent Si atoms on the five-sided face.
angle. The HF/VTZ(d,p) calculation, 9 on the other hand, seems to give very reasonable values, suggesting that quality of basis set and not of theory is important for this molecule.
GED refinement
A molecular model was written for Si 10 O 15 H 10 to allow the refinable geometrical parameters to be converted into Cartesian coordinates. The high symmetry of the molecule (D 5h ) allowed the geometry to be described using only seven parameters (see Table 2 ), namely the Si-H distance, two Si-O distances described as a weighted average of the two and the difference between them, (p 1-3 ), the Si (2) half way between a pair of silicon atoms on the edge nearest the oxygen atom. The final parameter defines the position of the H atom in the mirror plane (p 7 ). See Fig. 1 for a picture of the molecular structure complete with atom numbering.
For the refinement of the structure of Si 10 O 15 H 10 a flexible SARACEN restraint 42 was applied to the Si-H bond length using the solid-state IR stretch value and the method described by McKean et al. 41 A conservative uncertainty of 1 pm was employed. The X-A-O and X-Si-H angles were restrained to their calculated values [MP2/6-311++G(3df,3pd)] as they proved to be poorly defined. Amplitudes of vibration for distances under the same peak in the radial-distribution curve (RDC) were constrained by ratios fixed at the calculated values and only one amplitude for each group was refined. A full list of amplitudes of vibration, their constraints and the corresponding distances for each atom pair is given in Table S3 . † A further flexible restraint was applied to u 1 [Si(1)-H(34)] using an uncertainty of 10% of its starting value. With these restraints in place all parameters and many significant RMS amplitudes of vibration were refined. The final R G factor for the fit between the theoretical scattering (generated from the model) and the experimental data for Si 10 O 15 H 10 was 0.067 (R D = 0.033). The final radial-distribution curve is shown in Fig. 2 and the corresponding molecular-intensity scattering curves are shown in Fig. S1 . † Coordinates for the final structure are given in Table  S4 and the least-squares correlation matrix is in Table S5 . † 
The use of molecular dynamics to give the distance correction terms and amplitudes of vibration for the analysis of the electron diffraction data was essential in this case. The atomic motions in this molecule, as in the related octasilsesquioxanes, 7 are complex, and not well represented by the commonly used methods involving a first-order approximation to curvilinear motion and quadratic or cubic force fields. The molecular dynamics method covers displacements of any complexity, and without limitation on the force field. However, the method we use at present does suffer from one significant restriction; although the forces are calculated quantum mechanically, the subsequent atomic motions depend on classical mechanics. This appears to give good distance corrections, but calculated amplitudes of vibration are somewhat small, particularly for atom pairs involving hydrogen. The amplitude for the Si-H bond was therefore replaced by a typical value. We have investigated the use of path-integral molecular dynamics (PIMD), which allows for quantum-mechanical tunnelling. Early indications are that it gives very accurate amplitudes of vibration, but the computational cost is great, and it is not yet appropriate to use the method for a molecule as large as Si 10 O 15 H 10 .
29 However, the PIMD study did serve to show that classical MD does give good distance corrections, and that the combination of these corrections with amplitudes of vibration calculated by standard force-field methods is valid.
Comparison of structures
The structure of Si 10 O 15 H 10 in the gas phase is quite different from that in the crystal. The latter has been determined at 295 and 180 K, below which there is a change to a phase that has not yet been studied further. The present computational study, confirmed by experiment, shows unequivocally that the gasphase molecules have D 5h symmetry, which of course cannot be retained in the crystal. The pentagonal prismatic structure includes two ten-membered rings, as well as five eight-membered rings. This is a pattern quite rare in zeolites. 43 In common with other silsesquioxanes, the XSiO 3 moieties are relatively rigid, but the flexibility of the Si-O-Si groups allows easy deformation of the cage.
Parameters for gas-and solid-phase molecules given in Table 3 show that there is little difference between the two types of Si-O distances in the gas phase, while there is a suggestion that in the crystal the bonds in the eight-membered rings are slightly longer than those in the large rings. There is a clear and consistent difference in the Si-O-Si angles in all three crystal structures, with the average angles in the ten-membered rings wider than those in the eight-membered rings by 5 to 6
• . However, there are considerable variations within each set, which accounts for the large standard deviations of the means given in the table; the esds of the individual angles are all around 0.2
• . In contrast, the difference between the two kinds of Si-O-Si angles in the gas phase is only about 1
• . Thus there is clear evidence for substantial distortion in the crystalline-phase structures that have been reported. The nature of this distortion has been subjected to principal component analysis, 7 revealing that almost all of it can be attributed to two doubly degenerate components. Both involve extension and compression of the two ten-membered rings, in one case with the rings deforming in phase with one another, and in the other out of phase. These correspond to the two lowest frequency vibration modes in our RHF/6-31G(d) frequency calculation. The eigenvectors are plotted in Fig. S2 and S3 . †
The flexibility of the ten-membered rings in the gas-phase structure can be gauged by looking at the amplitudes of vibration from the GED refinement. For Si(1) ◊ ◊ ◊ Si(3), the longer nonbonded silicon-silicon interaction across the ring, the amplitude of vibration is 22.1 pm. This is much larger than the amplitude of vibration for the shorter non-bonded Si ◊ ◊ ◊ Si interaction {u[Si(1) ◊ ◊ ◊ Si(2)] = 9.0 pm}. Even more striking is the amplitude of vibration for Si(1) ◊ ◊ ◊ O(30), which at 47.8 pm is amongst the largest seen in these molecules. The flexibility of the cage seems to have more to do with the oxygen atoms than the silicon atoms.
The presence of large-amplitude low-frequency modes of vibration is also apparent from the MD simulations. During the simulations the cage undergoes significant distortions from ideal symmetry, with the ten-membered rings showing a great deal more flexibility than the eight-membered rings. In particular, the tenmembered rings can be seen to undergo the types of motions that the solid-state principal component analysis suggests are the root cause of the solid-state distortions from D 5h molecular symmetry. Such motions, which one could not expect to model through use of calculation of quadratic or cubic force fields, further justify our use of the MD method for determining the structure of Si 10 O 15 H 10 .
It is clear that the large ten-membered rings in this molecule make it exceptionally flexible. This is shown also by surprisingly large anisotropic displacement parameters in the crystal structures of Si 10 O 15 (OR) 10 (R = SiMe 3 and SiMe 2 H), 45 originally interpreted in term of disorder, but which we believe really reflect large vibrational motions.
One might expect to find even more flexibility in larger rings in higher silsesquioxanes, but in fact the structure of dodecahydridosilsesquioxane, Si 12 O 18 H 12 , is not a hexagonal biprism, but has a structure with eight-and ten-membered rings. 46 Molecules with ten-membered rings are therefore likely to be the most easily distorted members of this large family of molecules, and the reduction of intramolecular distances as they distort is potentially useful. Trans-cage atomic-pair distributions are likely to show negative anharmonicity, and therefore may be associated with negative thermal expansion of the cage.
Given the similarity of the structural parameters in the rings of different sizes in gas-phase Si 10 2) and 153.9(7) • , respectively. This is probably a reflection of the fact that the larger ring allows the oxygen atoms to be displaced more above the plane of the five silicon atoms without reduction of the distance between them, and this in turn allows corresponding widening of the angles in the smaller rings. We are currently investigating structures of silsesquioxanes with a range of ring sizes, and expect that patterns in the structural parameters will emerge.
